nate system. The effects of gravity, viscosity, the surface tension at the free liquid surface between the water droplets and the air, the wettability of the solid, and the heat transfer between water and the solid, are taken into account. The surface temperature is assumed to be held constant slightly below the boiling point of water. The conservation equations are approximated and solved with a finite difference method. The free liquid surface is tracked by the VOF (Volume of Fluid) method. 8) Firstly, the collision of a single droplet with the solid is studied. Secondly, the successive collisions of two droplets are examined. In both cases, the predictions are compared with experimental data. The effects of the impact conditions of the droplets, such as the impact velocity of the droplets, the pre-impact diameters of the droplets, and the distance between the two incoming droplets, on the heat transfer from the solid to the water are investigated in detail. Figure 1 shows a schematic diagram of the collisions of droplets with a hot solid. Two types of droplet collision are considered: the collision of a single droplet with the solid and the successive collisions of two droplets with the solid. Spherical water droplets with no internal velocity fall vertically through the air, and then impinge on a horizontal smooth substrate with temperature maintained at 99.9°C. The time, t, is measured from the instant when the droplet touches the substrate. The initial temperature of the water droplets is 17.0°C. The pre-impact diameter of the droplets and the impact velocity are denoted by D p and v 0 , respectively. The two droplets are assumed to fall coaxially. The distance between the two droplets is DL. The flow characteristics of the leading (first) and trailing (second) droplets are denoted by the subscripts 1 and 2 respectively.
Introduction
Spray cooling is a method for cooling or quenching hightemperature materials through the impingement of, and heat transfer to, numerous water droplets. This technique is widely utilized in various industrial applications because of its high heat removal rate. In the iron and steel manufacturing industries, spray cooling is used in continuous casting processes to cool hot slabs. Predicting the heat transfer rate between a liquid spray and a given hot material with high accuracy is of great interest to engineers.
When a dilute spray is used, numerous small droplets impact individually with the hot solid. Thus, understanding the collision of the liquid droplets with the solid is crucial to fundamental research into dilute spray cooling. Wang et al. 1) carried out experiments on the collision of single droplets with surfaces with temperatures between 50 and 140°C. Kang and Lee 2) examined the effects of varying the impact angle between the droplets and a heated surface experimentally. Pasandideh-Fard et al. 3) evaluated the cooling effectiveness of the impingement of a water drop on a hot solid substrate with a temperature low enough to prevent boiling in the drop. Gulikov et al. 4) studied the collision dynamics of a droplet impacting on an extremely hot solid surface (above 400°C), taking account of the presence of a vapor interlayer due to film boiling. Ge and Fan 5) performed three-dimensional simulations of droplet collisions in the Leidenfrost regime.
These studies focused on single droplet collisions. Although the results are very interesting for the study of heat transfer and fluid mechanics, single droplet collisions are not sufficiently complex for these results to be applicable to actual spray cooling. Since interactions between water droplets occur frequently in the vicinity of the solid surface, the collision of multiple droplets should be investigated. We have previously studied the interaction phenomena of droplets impacting on cold and hot solids, 6, 7) with emphasis, however, on the hydrodynamics, not on heat transfer.
The present study is concerned with the deformation and heat transfer processes of water droplets impacting successively on a hot solid surface (see Fig. 1 ). The flows are assumed to obey the Navier-Stokes equations for unsteady incompressible viscous fluids in an axisymmetric coordi- The present study is concerned with the collision of two droplets with a hot solid substrate whose temperature is maintained below the boiling temperature of the liquid. Computer simulations were performed to investigate the heat transfer from the hot solid to the coaxially incoming droplets. The conservation equations of mass, momentum and energy for unsteady incompressible viscous fluids in an axisymmetric coordinate system were approximated and solved with a finite difference method, taking account of viscosity, surface tension, gravity, and the heat transfer between the solid and the liquid. The effects of the impact conditions of the droplets, such as their impact velocity, their pre-impact diameters, and the vertical distance between two consecutive droplets on the heat transfer rate are examined. To validate the simulation results, experiments were performed in which the time evolution of the droplet shape was observed by photography. The numerical results are in reasonable agreement with the experimental data. We discuss the implications of these results for the theoretical understanding of the physics of heat transfer.
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Numerical Simulations

Conservation Equations
The flows are assumed to obey the Navier-Stokes equations for incompressible viscous fluids in an axisymmetric coordinate system. In the present model, the effects of gravity, viscosity, the surface tension at the free liquid surface, the wettability of the solid surface, the heat transfer from the solid to the liquid, and the temperature dependence of the physical properties, are taken into account. The heat transfer between air and the solid due to convection and radiation is ignored. The VOF method 8) is applied to track the time evolution of the free surface. A color function, f, is introduced to represent the volume ratio of water in a computational cell. The conservation equations, which consist of the continuity equation, the momentum equations in the radial and axial directions, the energy equation (4) where r and z are the coordinates in the radial and axial directions respectively, and t is the time. u and v are the velocity components in the r and z directions respectively. p, T, c, and l are the pressure, the temperature, the specific heat of water, and the thermal conductivity of water, respectively. F r and F z are the volume force components in the r and z directions respectively. The effects of surface tension are taken into account in the volume force by applying the CSF (continuum surface force) model. 9) In addition, r and m denote the apparent fluid density and the apparent viscosity, and are given by:
Numerical Procedure
The conservation equations are discretized and solved with a finite difference method and CCUP (CIP-combined and unified procedure).
10) The computational domain is divided into numerous small cells. A non-uniform staggered mesh system focusing on the region near the solid surface is used. There are 250 meshes in the radial direction and 220 meshes in the axial direction. Figure 2 shows the computational domain and the boundary conditions. At the symmetric boundary (rϭ0), symmetric conditions are imposed. At the wall boundary (zϭ0), zero velocity conditions (uϭvϭ0) are applied. The temperature of the solid surface is maintained at 99.9°C. Zero gradient conditions are employed at the other boundaries. At the contact lines where the free surfaces meet a solid surface, a very simple method is applied. When the contact line advances along a dry surface, the advancing
contact angle is specified as 130 degrees. In receding, the contact angle is set at 30 degrees. These values were determined from the photographs of droplets during the collision.
The time increment, Dt, is controlled by the CFL (Courant-Friedrichs-Lewy) conditions for numerical stability, and is given by:
................. (6) where the subscripts, i and j, are cell numbers. Dr i and Dz j are the cell sizes in the r and z directions respectively. f CFL is known as the CFL number and is set to 0.2 in this study.
Incidentally, the local heat flux, q, through the liquid/solid interface can be determined with Fourier's law, neglecting radiation from the hot solid to the atmosphere:
Note that the temperature dependence of the thermal conductivity of water, l, was taken into consideration in these simulations. The temporal heat transfer rate, Q, from the solid to the liquid can be expressed as:
........ (8) where r 0 denotes the radius of the circular wet area. It is apparent from Eq. (8) that the heat transfer rate, Q, is dependent on the wet area and the temperature gradient normal to the solid at the interface.
Experiments
The experiments were carried out at the authors' laboratory. The time evolutions of the shapes of the droplets were observed by utilizing a digital video camera and two micro flashes. The details of the experimental setup and observation procedure were described in our previous paper. 7) Distilled water at room temperature was employed as the test liquid. The material of the substrate is Inconel alloy 625. The arithmetic mean roughness of the surface on which the droplets impinge is within Ϯ0.3 mm. The temperature of the solid surface was set at 120°C.
It should be noted that the experimental conditions are slightly different from the computational conditions. The computer simulations are performed assuming a constant surface temperature, as mentioned above. However, the condition of constant surface temperature cannot be ensured in the experiments. The temperature of the solid surface varies locally as well as temporally during the collisions of the droplets. Thus, the surface temperature was set at 120°C, taking into consideration the temperature drop due to droplet impact.
Results and Discussion
Collision of a Single Droplet with a Hot Surface
The impingement of a single water droplet on a hot solid was studied first for model validation. Figure 3 shows the calculated and experimental results when the pre-impact diameter of the droplet, D p , is 0.60 mm and the impact velocity, v 0 , is 3.6 m/s. The predicted contours of temperature and relative pressure inside the droplet are also shown in the figure. T n is the dimensionless time after the collision, normalized by the pre-impact diameter and the impact velocity of the droplet.
A high-pressure region appears near the impact point shortly after the impact (T n ϭ0.1). A thin circular water film is formed around the bottom edge of the droplet (T n ϭ0.3), which spreads radially outward across the solid substrate while the height of the droplet body decreases (T n ϭ0.6-1.9). The rate of increase of the droplet diameter decreases with time because of surface tension and wall friction. The droplet then deforms into a thin circular disk (T n ϭ2.8). Thereafter, reverse flow from the edge to the center arises due to surface tension, and the droplet begins to recoil. In addition, the temperature of the liquid is high near the solid surface. In other regions, the temperature of the liquid is almost the same as the initial temperature. given in Fig. 5 . In Figs. 3 and 4 , the numerical and experimental results are in reasonable qualitative and quantitative agreement. Figure 6 shows the predicted time evolutions of the heat transfer rates for (D p , v 0 )ϭ(0.60 mm, 1.8 m/s), (0.60 mm, 2.5 m/s), and (0.60 mm, 3.6 m/s). Note that the impact conditions for v 0 ϭ3.6 m/s are the same as those for Figs. 3 and 4. For v 0 ϭ3.6 m/s, the predicted heat transfer rate increases sharply with time in the initial droplet deformation stage, because the wet area increases monotonically. The peak value of the heat transfer rate is at T n ϳ1.7, which then decreases. It can be seen in Fig. 4 that the droplet is undergoing spreading at T n ϳ1.7. The wet area increases for a period even though the heat transfer rate decreases. This result can be understood as follows. The liquid adjacent to the solid surface is heated due to heat transfer from the solid and the temperature gradient of the liquid in the z direction at the solid wall decreases. As the heat flux is proportional to the temperature gradient (see Eq. (8)), the heat transfer rate decreases. Thereafter, the heat transfer rate is expected to approach a value of zero. Figure 6 shows that the heat transfer rate is higher for larger impact velocities. This result is reasonable because the wet area is expected to increase with impact velocity. Further, the peak of the heat transfer rate shifts to a later dimensionless time with increases in the impact velocity.
Successive Collision of Two Droplets with a Hot Surface 4.2.1. Comparison of the Calculated and Experimental
Results Figure 7 shows the comparison of the observed droplet shape with the calculated results for (D p1 , v 1 , D p2 , v 2 ,DL)ϭ (0.60 mm, 3.6 m/s, 0.60 mm, 3.6 m/s, 0.30 mm). The predicted contours of temperature and relative pressure inside the droplet are also shown. In this case, the second droplet impinges on the first droplet at T n ϳ1.4. Note that the impact conditions for the first droplet are the same as those for Figs. 3 and 4 . The deformation behavior of the first droplet can be described by the results in those figures until the arrival of the second droplet.
A high-pressure region appears near the impact point at T n ϭ1.6. A circular swelling is formed around the bottom of the body of the second droplet (T n ϭ2.0). It moves radially outward across the surface while the droplet height decreases (T n ϭ2.4-3.0). When the liquid swelling reaches the outer edge (T n ϭ3.6), the liquid looks like a crown. The liquid temperature is high near the hot surface due to heat transfer from the solid to the water. As expected, the shape of the first droplet at the instant at which it is touched by the second droplet depends on the impact velocity. For (v 1 , v 2 )ϭ(1.0 m/s, 1.0 m/s), the second droplet contacts the top of the first droplet at T n ϳ1.5. The first droplet has the shape of a thin disk and the temperature of the first droplet is high only in the vicinity of the solid surface. At T n ϳ2.0, the area of high temperature develops vertically upward, as indicated in the figure. This temperature profile is formed due to the bulk motion of the liquid. It can be seen in Fig. 9(b) that the liquid in the neck flows radially outward across the solid surface at a high velocity. The flow direction shifts upward in the outer region of the neck. Hot liquid near the solid surface is transported along this flow path. At T n ϭ2.4 and 2.8, a ring vortex forms in the outer region of the neck, resulting in the formation of a curly high temperature area (see Fig. 9(a) ). At T n ϭ2.8, the liquid is thin near the center axis. The ring vortex gives rise to reverse flow (radially inward flow). At T n ϭ4.0, the liquid at the center axis thickens due to the merging of the reverse flows. For (v 1 , v 2 )ϭ(2.0 m/s, 2.0 m/s), the formation of a circular liquid swelling is clearly observed at T n ϭ1.9 (see also Fig.  9(b) ). The liquid swelling moves radially outward at a larger velocity than that of the outer region, where a small vortex and a curly high temperature area are seen. At T n ϭ2.7, the liquid swelling reaches the edge of the liquid. A ring vortex is observed near the edge at T n ϭ3.5. This results in a curly high temperature area. It should be noted that the flow direction of the vortex near the edge is opposite to that observed for (v 1 , v 2 )ϭ(1.0 m/s, 1.0 m/s).
The deformation behavior of the liquid for (v 1 , v 2 )ϭ(3.0 m/s, 3.0 m/s) is similar to that for (v 1 , v 2 )ϭ(2.0 m/s, 2.0 m/s). The liquid swelling reaches the edge at T n ϭ2.9, which is slightly later than that for the case of (v 1 , v 2 )ϭ(2.0 m/s, 2.0 m/s). At T n ϭ3.6, the liquid in the edge is isolated from the solid surface, i.e., a thin gas layer is present between the solid and the liquid.
The time evolutions of the corresponding spreading diameters of the liquid are shown in Fig. 9(c) . The liquid di-ameter is larger for a larger impact velocity because of impact inertia. Each curve has an inflexion point that is caused by the arrival of the liquid swelling at the edge. The inflexion point shifts to a later time with increases in the impact velocity. For (v 1 , v 2 )ϭ(1.0 m/s, 1.0 m/s), the liquid diameter begins to decrease at T n ϭ3.6 because a reverse flow arises, as described above. Thereafter, it reaches a minimum and then increases slightly. Figure 10 shows the time evolutions of the corresponding heat transfer rates, Q. For v 1 ϭv 2 ϭ1.0 m/s, the heat transfer rate initially increases with time. It reaches a maximum value at T n ϳ0.8, then decreases, reaches a minimum value at T n ϳ2.3, and then increases again. The second maximum value in the heat transfer rate appears at T n ϳ3.1. Thereafter, the heat transfer rate gently decreases with time, although it increases slightly after T n ϳ9.0. A similar trend was found for v 1 ϭv 2 ϭ2.0 m/s. The first and second maximum values of the heat transfer rate are found at T n ϳ1.3 and 4.0 respectively. These dimensionless times are later than those for v 1 ϭv 2 ϭ1.0 m/s. The heat transfer rate for v 1 ϭv 2 ϭ3.0 m/s is the largest of the three cases, because the liquid spreads more widely. A sharp increase in the heat transfer rate arises at T n ϳ4.6 because of the sharp increase in the wet area that results from contact between the isolated liquid at the edge and the solid, as shown in Fig. 9(a) . In all cases, it is apparent that the heat transfer rate is strongly affected by the diameter of the wet area. Figure 11(a) shows the time evolutions of the predicted shapes of the droplets for DLϭ0.12 and 0.84 mm. In both cases, a liquid swelling is formed immediately after the impact of the second droplet. The diameter of the liquid for DLϭ0.12 mm is appreciably larger than that for DLϭ 0.84 mm. Figure 11(b) showing the time evolution of the liquid diameter also confirms this trend. According to these results, the maximum diameter of the liquid is larger for smaller spacings.
For DLϭ0.12 mm, the first droplet is undergoing spreading when the second droplet hits. The liquid in the first droplet flows radially outward. The impact inertia of the second droplet also results in outward flows. In contrast, for DLϭ0.84 mm, the diameter of the first droplet has almost reached its maximum value at the instant of collision with the second droplet. The flow in the first droplet is then very slow and begins to move inward. The radial velocity of the liquid swelling slows due to this motion in the first droplet. Thus the diameter of the merged liquid is dependent on the spacing between the two droplets. Figure 12 shows the predicted time evolutions of the corresponding heat transfer rates. In all these cases, two peaks appear in the heat transfer rates. The first peaks are almost identical, but the second peaks depend on the spacing between the two droplets. The second peak value is smaller for a larger spacing. The total heat transfer between the droplets and the solid is also smaller for a larger spacing. These results can be explained in terms of the variation of the wet area, as shown in Figs. 11(a) and 11(b). Figure 13 shows the predicted time evolutions of the heat transfer rates, Q, for the collision of two droplets. The Thus the volume of liquid is an important parameter in the heat transfer rate.
The Collision Dynamics of Two Droplets with Different Diameters
Conclusions
The collision dynamics and the heat transfer of water droplets impinging on a hot solid surface were studied by means of computer simulations. The conservation equations of mass, momentum and energy for incompressible viscous fluids in an axisymmetric coordinate system were solved with a finite difference method under the condition that the temperature of the solid surface is maintained below the boiling temperature of liquid. The model was validated by comparing the predictions with experimental results. The findings of the present study are listed below.
(1) In a single droplet collision, the droplet impinges on the hot substrate, then spreads and deforms into a thin circular disk. Heat transfer from the solid to the water occurs during the collision. The temperature is high only near the hot surface.
(2) In the successive impingement of two droplets, a circular swelling is formed around the bottom of the second droplet after it hits the first droplet. This swelling moves radially outward across the solid surface as its height decreases. The temperature distribution is strongly affected by the velocity profile.
(3) The numerical and experimental results are in reasonable qualitative and quantitative agreement.
(4) The effects of the impact velocity, the spacing between the two droplets and the droplet diameters on heat transfer were investigated. The heat transfer rate is higher for larger impact velocities. A shorter distance between the two droplets results in a larger heat transfer rate. It was also found that the droplet size influence the heat transfer rate.
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